Abstract. Dispersion of nanomaterials in polymeric matrices plays an important role in determining the final properties of the composites. Dispersion in nano scale, and especially in single layers, provides best opportunity for bonding. In this study, we propose that by proper functionalization and mixing strategy of graphene its dispersion, and bonding to the polymeric matrix can be improved. We then apply this strategy to graphene-epoxy system by amino functionalization of graphene oxide (GO). The process included two phase extraction, and resulted in better dispersion and higher loading of graphene in epoxy matrix. Rheological evaluation of different graphene-epoxy dispersions showed a rheological percolation threshold of 0.2 vol% which is an indication of highly dispersed nanosheets. Observation of the samples by optical microscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM), showed dispersion homogeneity of the sheets at micro and nano scales. Study of graphene-epoxy composites showed good bonding between graphene and epoxy. Mechanical properties of the samples were consistent with theoretical predictions for ideal composites indicating molecular level dispersion and good bonding between nanosheets and epoxy matrix.
Introduction
Carbon nanomaterials have emerged as a rising star in the material science community, during the past two decades [1] [2] [3] . Exceptional physical and mechanical properties of carbon nanomaterials can be incorporated into polymers resulting in composite materials with improved properties [4, 5] . Hybridization of carbon nanomaterials and polymers has led to the production of composites with enhanced electrical and mechanical properties for new applications such as solar cells [6] , electromagnetic interference shielding [7] , and sensors [8] . Due to the high surface area, nanofillers tend to agglomerate and stick to each other, forming micro particles [9, 10] . Therefore, dispersion of nanofiller into individual particles throughout the matrix, especially molecular level dispersion, is an essential step [10] . Agglomeration is even more severe for anisotropic nanoparticles such as nanotubes and nanosheets due to the high interparticle interaction. Emerging graphene and its derivatives as fillers for polymeric materials has led to the production of a new class of nanocomposites [5, 11] . Remarkable improvements in physical and mechanical properties of polymer have been reported upon addition of a small amount of graphene [11, 12] . Similar to other layered nanofillers, graphene sheets are prone to restacking due to the high aspect ratio and strong interparticle interaction [11] . Although, chemically derived graphene is available as single layer dispersion in liquids, retaining the single layer state of graphene in polymer media is not easy [11] [12] [13] .
Chemically derived graphene is commonly produced by oxidizing graphite to graphite oxide with a layered hydrophilic structure, which is then exfoliated into the graphene oxide (GO) in aqueous media or polar solvents, possibly by mechanical shearing [14, 15] . Because of the hydrophilic nature of GO, it is not easily dispersed in weakly polar organic solvents, and polymers [16] . Reduction of GO usually results in serve aggregation of reduced GO (rGO) [11] . Many attempts have been made to disperse chemically derived graphene in low polarity organic media by functionalization of GO. However; employing aqueous dispersion of GO to fabricate graphenebased composite is more attractive, since it can be easily combined with water soluble polymers and then reduced to rGO [17] without using organic solvents or chemical functionalization which can be toxic and/or costly [18] [19] [20] . Furthermore, colloidal polymer particles may be mixed with GO to incorporate graphene into nonwater soluble polymers [21] [22] [23] [24] . Our recent study also shows GO can be employed as a surfactant in emulsion polymerization to produce polymergraphene nanocomposites [25] . Therefore it is a practical and environmentally friendly strategy, to use aqueous dispersion of GO to produce polymer graphene and GO composites. In this paper we have used the case of epoxy-functionalized GO to address the challenges of well dispersing graphenic sheets in a thermoset resin and show the success of the proposed strategy. Fabrication of epoxy composites with grapheme, GO, and functionalized graphene is mostly performed through [26] [27] [28] [29] [30] [31] : i) Dispersion of graphene (obtained via different chemical pathways including thermal expansion of graphite oxide) in organic solvents such as acetone [27, 31] ii) Multi-step chemical functionalization of graphene (oxide) and then removing solvent from the mixture of epoxy and graphene [28] . Direct mixing of graphenic powder in viscous epoxy resin usually results in poor dispersion. It should be noted that even ultrasonication of graphenic sheets in organic solvent for a long period of time does not guarantee a good dispersion especially for higher graphenic contents [28] . On the other hand, GO sheets easily restack during drying, and form a layered material consisting of GO sheets that are strongly bonded together by hydrogen bonding [32] . To ensure well dispersion of GO in polymer, restacking of the graphenic sheets must be avoided. Recently, Li and coworkers [33, 34] uncovered that in 'wet' graphenic sheets, water acts as 'spacer' keeping the nanosheets separated. Therefore, wet transfer of GO into organic phase, i.e. epoxy resin, can prevent restacking and agglomeration of nanolayers [33] [34] [35] . In addition to good dispersion, we need to ensure good GO-matrix bonding, to obtain superior mechanical properties [28, 36] . In the next section we describe a novel and single-step method to functionalize and disperse GO nanosheets in epoxy and obtain high performance nanocomposites by achieving a high degree of dispersion and good bonding to the matrix. Although graphite oxide has been synthesised long ago, its exact molecular structure is not well known [17] [18] [19] 37] . However, presence of epoxy and carboxyl groups has been confirmed [16] . Presence of epoxy groups is valuable as they facilitate the GO functionalization, compared to other groups such as the carboxyl group which needs activation in the absence of water [16] . Strong nucleophilic agents such as amines can readily react with the epoxy group through a ring opening reaction without any activation. Therefore, amines have extensively been employed for the functionalization of GO [16] . The reaction is carried out in aqueous media and ambient atmosphere without catalyst. The reaction is relatively fast, due to the high reactivity of amine and epoxy groups. Amino functionalization of carbon nanotubes (CNTs) has been extensively used to improve interfacial interaction with epoxy matrices [38] [39] [40] . In analogy to CNTs, covalent bond formation between amino functionalized GO surface and epoxy resin is anticipated [41, 42] . The method serves two simultaneous purposes of accommodating graphenic sheets at the molecular level and furnishing the interfacial bonding with the matrix which are highly desirable. Higher dispersion means higher area per volume and better bonding means efficient use of filler presence in the matrix to improve mechanical properties. Direct impact of higher quality dispersion and interfacial bonding on the mechanical properties are shown to approach theoretical predictions for ideal composites.
Experimentals 2.1. Materials
Natural graphite flake (< 50 !m) was purchased from Merck Chemicals, Germany. Epoxy resin (diglycidyl ether of bisphenol A, Epon828) was obtained from Shell, USA. Isophoronediamine (IPDA) from Fluka, USA was used as hardener. All other reagents were purchased from Merck Chemicals, Germany and used as received.
Functionalization of GO
Graphite oxide was synthesized from natural graphite flakes using Hummers' method [20, 37] . Homogeneous dispersion of GO was obtained by sonication of the graphite oxide suspension in water for an hour and centrifuging for 10 minutes at 4000 rpm. An aromatic diamine (PPDA) was used to functionalize GO sheets to increase compatibility of GO sheets with epoxy resin, although other diamines (aliphatic or aromatic) can be used for amino-functionalization of GO through the same mixing strategy (wet transfer). The excess amount of diamine was used to ensure that at least one of the amine groups has reacted with epoxy groups on GO and have amine groups on the surface of GO. In order to functionalize GO sheets, p-Phenylenediamine (PPDA) was dissolved in hot water and mixed with GO suspension (2.5 mg/mL), resulting in a GO/PPDA mass ratio of 1 to 5. The mixture was then heated to 80°C for 30 minutes to complete the reaction. The result was a dark violet precipitation which was washed several times with water to remove the excess PPDA.
Preparation of nanocomposites
The functionalized GO (fGO) slurry was mixed with epoxy resin. The mixture was sonicated with a tip sonicator for 5 minutes transferring the fGO particles from water to epoxy. The water was then removed by decanting and heating at 100°C for 48 hours resulting in a dark violet epoxy-fGO.The mixture was further sonicated for 5 minutes. The stochiometric amount of hardener (IPDA) was added to cure the resin at room temperature for 24 hr and then post-cured at 100°C for 2 hours. Volume fractions of fGO in final composites were calculated considering the density of epoxy and graphenic sheets 1.16 and 2.2 g/cm 3 ; respectively.
Characterization
Scanning electron microscope (SEM, LEO 1455VP, USA) was used to evaluate the morphology of graphite, graphite oxide, GO and fractured surface of the composites. A thin layer of platinum was coated on the samples to avoid electron charging. X-ray diffraction experiments were performed at ambient temperature to study crystalline structure of materials, using an X-ray diffraction system (Philips X'Pert, Neitherland) employing CuK " radiation (X-ray wavelength ! = 1.5406 Å) under normal laboratory conditions. Optical micrographs of dispersions on a transparent glass slide were taken using Leica DMR microscope, USA. Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer Spectrum One, USA) was employed to study functionalization. GO and fGO powder were molded into discs using KBr. X-ray photoelectronic spectroscopy (XPS) was utilized to evaluate the chemical structure of the GO and fGO. The measurements were carried out by a Gammadata-scienta ESCA 200 hemispherical analyzer equipped with a monochromatic Al K " X-ray source (X-ray wavelength ! = 8.34 Å; h" = 1486.6 eV), USA. Rheological measurements were conducted in an oscillatory mode on a rheometer (Anton Paar, MCR300, Austria) equipped with parallel plate geometry. Dynamic viscoelastic material functions of the epoxy-fGO mixtures were measured as a function of frequency for small strains at room temperature. The frequency sweeps were run using strain values in the linear viscoelastic region at angular frequencies (#) of 0.1-100 s -1 . AFM pictures were taken on Dualscope DS 95-200, DME, Denmark. Samples for AFM were prepared by spin coating (2000 rpm) of aqueous dispersions of GO on a freshly cleaved mica surface. In addition, fractured surface topography of epoxy and nanocomposites was evaluated by AFM. A three-point flexural test was used to evaluate the mechanical properties of composites. Samples were molded into 12.7 mm wide $70 mm long $3 mm thick, using silicone mold. The samples were then subjected to bending by a support span of 50 mm at a constant cross-head speed of 1 mm/min on universal testing machine Galdabini Sun 2500, Italy. Five specimens were tested for each set of conditions.
Results and discussion 3.1. Study of GO morphology
A natural graphite flake is composed of thousands of graphene layers firmly stacked on each other. Strong oxidization of graphite converts it to a hydrophilic layered compound, i.e. graphite oxide [16] . Morphologies of graphite and graphite oxide, are shown in Figure 1a and 1b. Graphite flakes with few micrometers lateral size and sub-micron thickness can be observed. On the other hand, an image of graphite oxide, shows a large increase in the thickness of graphite flakes during oxidization, whereas the lateral size of flakes shows marginal decrease, which is in agreement with recent mechanism proposed by Pan and Aksay [16] that small graphite flakes are less prone to lateral cleavage. (Figure 1b ). Such remarkable increase in the thickness of graphite flakes during the oxidization stems from formation of oxygen groups in the basal plane of graphite [14, 16] . In addition, the presence of oxygen groups in the structure of graphite oxide facilitates intercalation of water molecules into graphite oxide interlayer. Therefore exfoliation of graphite oxide is not only due to the hydrophilization of graphene layers, but also because of substantial decrease in the interlayer interaction, caused by intense intercalation of the graphite oxide. XRD was also employed to evaluate effects of oxidization on the interlayer distance of graphite. 7.63 Å is a typical increase in the interlayer distance for oxidization of graphite [16] . Ultrasonication of aqueous slurry of graphite oxide was used to exfoliate graphite oxide flakes into GO. Exfoliation of aqueous dispersion of graphite oxide resulted in GO dispersion which was stable for months. Figure 1c shows SEM micrographs of the ultrathin GO sheets formed by exfoliation of graphite oxide. AFM was also utilized to characterize size and thickness of GO nanolayers. Figure 3b shows a typical AFM topography of GO on a mica substrate. Image analyses reveal presence of nanolayers, with a thickness of 0.7-1.5 nm and average thickness of 1 nm, indicating that the product is mostly GO monolayer [11] . On the other hand, the lateral size of GO sheets ranges from 150 to 1000 nm and average size of 380 nm. The aspect ratio of nanolayer plays a crucial role in determining the final properties of the composite; therefore, distribution of aspect ratio of the resulting GO nanolayer was obtained from AFM and presented in Figure 3c . The average aspect ratio of GO is roughly 350.
Functionalization of GO
Many researchers have employed multi-step procedures for amino functionalization of CNTs and graphene using a large amount of organic solvents. In addition, presence of some chemical groups such as acyl chloride, which are very sensitive to moisture and impurities, makes it difficult to control the reaction [38] [39] [40] . Therefore a fast and effective amino functionalization of GO through a one pot reaction with diamines is highly desirable. Similar processes have been employed for amino functionalization of clay nanosheets [43] . Figure 4 shows FTIR spectra for GO and fGO. Peaks at 3420 and 1722 cm -1 indicate the presence of hydroxyl and carboxyl groups in the structure of GO [41] . Epoxide groups are evidenced by the peak at 1226 cm -1 . The adsorption intensity is higher at the peaks of 1226 cm -1 in GO spectrum compared with fGO ( Figure 4 ) which may be attributed to the reaction of epoxide groups through the ring opening [44, 45] . It should be noted, that Chen et al. [45] recently found that PPDA can effectively reduce GO. However, no remarkable increase in electrical conductivity of GO was observed after functionalization which implies that reduction of GO did not occur significantly. On the other hand, the intensity of the peak at 1722 cm -1 which is the indication of the carbonyl group (C=O), is weaker hinting to the formation of ammonium carboxylate complex [41, 44] . Furthermore, disappearance of sharp peak at 2350 cm -1 which is attributed to the stretching of hydroxyl of carboxyl acid groups, is another sign of formation of ammonium-carboxylate complex. There is also a new peak at 1500 cm -1 for fGO which is the indication of C-N bond stretch in fGO [44] . C-N bond formation can be attributed to a S N 2 nucleophilic substitution and ring opening reaction resulting in new bond formation between carbon atoms in GO and nitrogen in PPDA. In addition, attachment of PPDA moieties on the surface of GO creates some amine groups with the C-N bond. XPS was employed to analyze the chemical structure of GO and fGO ( Figure 5 ). Figure 5a presents the XPS spectrum of GO in the region of 0 to 800 eV. In the broad scan of the GO spectrum, presence of carbon and oxygen is confirmed with C/O ratio of 1.88. This is consistent with the reported chemical composition of GO in the literature where the C/O ratio is around 2 [14, 16] . The GO spectrum in N1s region (400 eV) reveals that the nitrogen content in the GO is less than 0.1 wt% (Figure 5b ). After GO was functionalized by PPDA, in the broad scan spectrum, a new peak around 400 eV appears which is attributed to N1s component (Figure 5c ). This indicates successful amino functionalization of GO using PPDA. Amine treated GO, has C/O ratio of 2.43 which is slightly higher than GO itself. This increase in C/O ratio might be attributed to incorporation of carbon atoms after functionalization by PPDA. The nitrogen content in fGO is remarkably higher, compared with GO. C/N ratio reaches to 14.5 which is similar to alkylamines modified GO [41, 42] . Considering the chemical structure of PPDA (C 6 N 2 H 8 ), it is realized that there is one PPDA moiety for every 23 carbon atoms in the reaction product.
In addition, these analysis give C 2.0 O 1.04 -(PPDA) 0.087 empirical formula for the fGO. Thus, the ratio of carbon to oxygen in fGO after subtracting PPDA contribution is around 1.93 which shows no reduction during functionalization reaction indicating that no significant oxidizative or polymerization reaction have occurred, in contrast to Chen et al. [45] report where formation of oxidized-PPDA byproducts is observed. Figure 5d which is the deconvoluted N1s spectrum of fGO supports the presence of nitrogen in the forms of NH 2 (399.2 eV), N-C(O) (400.6 eV), NH 3 + -C (401.5 eV). This suggests reaction of PPDA with GO through both ring opening and ammonium carboxylate formation.
As mentioned earlier aqueous GO dispersion was stable for months. However, the reaction between GO and amine results in fGO agglomeration in a few minutes. Previous studies have revealed that aqueous dispersion of GO is stable because of electrostatic stabilization resulting from ionization of carboxyl groups [15] . Destabilization of GO during the reaction with amine appears to be the result of neutralization of carboxyl ion as supported by FTIR and XPS observations [44] . Based on above observations and analyses, a scheme for functionalization is proposed (Figure 6a ). Diamine molecules react with GO through a ring opening reaction and covalently graft on the surface of GO. Due to the excess amount of diamine, mostly one amine group participates in this reaction. Meanwhile, PPDA molecules form ammonium carboxylate complex with carboxyl groups in the structure of GO. Therefore, formation of amine groups at both basal plane and the edge of GO sheets is possible due to the presence of epoxy group at basal plane and carboxyl group at the edges. 
Dispersing fGO in epoxy
Immiscible 'target' phase, e.g. epoxy, and 'transfer' phase, e.g. water, were mixed to produce a mixture of highly dispersed fGO in epoxy (Figure 6b ). Untreated GO sheets, which are dispersed in the transfer phase migrate to the target phase, while the reaction takes place and sheets become compatible with the epoxy. As mentioned earlier, 'wet' transfer of GO sheets prohibits restacking and agglomeration of nanosheets [33] . Also addition of amine to GO dispersion destabilizes the graphene sheets, aggregates of fGO are still loose since water molecules act as spacer among them. These loose aggregates are more compatible with epoxy resin due to amino-functionalization and migrate to organic phase. Our attempts fail to achieve homogeneous dispersion of fGO in epoxy when dried powder of fGO directly mixed with epoxy resin clearly illustrates the crucial role of mixing strategy to fine dispersion of graphenic sheets. This method has been employed to disperse clay [46] , silica [47] , and graphene [26, 48, 49] in organic media. Presence of oxygen groups, amine groups and aromatic rings in the structure of fGO, makes it compatible with epoxy resin, facilitating the dispersion of fGO sheets in epoxy and formation of possible hydrogen or covalent bonds. The result was a dark violet homogeneous dispersion of fGO in the epoxy. Dispersion of the fGO sheets in the final mixture was studied using optical microscopy. Figure 7 shows that fGO sheets have been dispersed homogeneously throughout the matrix. Due to the high specific surface area of graphene sheets, they can be observed thoroughly in the micrograph, even at very low concentrations (0.26 vol%). The quality of dispersion was also examined by SEM and shown in Figure 8 . of the composite drastically increases upon addition of the fGO sheet to matrix compared to the neat resin, probably because of the fine dispersion of graphene sheets throughout the matrix. The fractographs of the pristine resin illustrate a very smooth surface with some stripes in the direction of fracturing force (Figure 8a and 8b) . On the other hand, incorporating the fGO sheets into the matrix resulted in the formation of irregular protuberances evenly distributed in the whole fractured surface of the composites. These protuberances come into sight in the form of the bright lines with sizes of few hundreds of nanometers to few microns. Formation of these homogenously dispersed lines arise from fine embedding of graphenic layers which are strongly bonded with epoxy matrix without any debonding or pull-out of nanolayers. The strong attachment may be attributed to the covalent bond formation between epoxy matrix and fGO sheets during the curing process. Improved dispersion and bonding of graphene sheets can significantly affect the final mechanical properties of composites [12] . Changes in fractured surface of composites, and dispersion state of graphene sheets in the matrix were also examined by AFM. Figure 9 shows topology of fracture surface of pristine epoxy and composite containing 0.2 vol% fGO. Similar to SEM analysis, the fracture surface of neat resin appears very smooth (Figure 9a ). The average roughness of the resulting surface was found to be around On the other hand, incorporating fGO nanosheets into epoxy resin makes the fracture surface bumpy which is consistent with SEM observations (Figure 9b ). The average roughness of the surface remarkably increases to 0.1±0.02 µm, after addition of 0.2 vol% fGO. The increase in the surface roughness indicates induced crack deflection by graphenic sheets, during the fracture. This may improve not only the stiffness but also fracture toughness and ductility of the composite [27] . Chemical treatment of nanofillers surfaces has been widely reported to improve final properties of the composites [11, [38] [39] [40] . Recently, Rafiee et al. [27] has reported significant improvement in mechanical properties of the epoxy matrix by addition of a very small amount of graphene sheets. However, mechanical properties of composites diminished, as the graphene content increased to more than 0.1 wt%. The diminishing effect has been attributed to the lack of proper dispersion. Recently reported twophase extraction method, for production of the epoxy-GO composite was not able to load graphene higher than 0.15 wt% [26] , while we were able to load graphene into epoxy up to 0.5 vol% (~1 wt%). A recent work on fabrication of epoxy-amine rich graphene dealt with a laborious and time consuming functionalization procedure [28] whereas one can produce epoxy-GO nanocomposites through fast and facile reaction of diamines with GO, and two phase extraction method, in large scale and for industrial purposes.
Although SEM and optical microscope images demonstrate a homogeneous dispersion of the fGO sheets in the epoxy matrix, rheological measurements have been used to show that the nano sheets are dispersed as single layers. Rheological percolation threshold of a mixture, containing anisotropic particles is inversely proportional to the aspect ratio of particles and dispersion state of the filler [11, [50] [51] [52] [53] . For a given aspect ratio, the percolation threshold of composites decreases as dispersion of the filler improves. In addition, many models have been developed to calculate the percolation threshold of the composite system as a function of aspect ratio [50, 52] . Thus, it is possible to assess the dispersion state of filler in a composite by comparing the predicted percolation threshold and the actual one. AFM observation (Figure 3 ) of the samples gave an average aspect ratio of 350. For randomly oriented ellipsoids with an aspect ratio of 350 the theoretical percolation threshold is estimated to be around 0.2 vol% [50] . [51] . In other words, such behavior was an indication of network formation involving assembly of single nanolayers into a 3D network at very low concentration [53] . Therefore, the percolation threshold of the mixture is between 0.16 and 0.26 vol%. Such a low percolation threshold is strong evidence for excellent homogenous dispersion of monolayers throughout the matrix. Surprisingly, the obtained value for percolation threshold agrees very well with the predicted one (~0.2 vol%), substantiating the dispersion of monolayers, namely molecular level dispersion [11] . Recent studies on polymer-graphene nanocomposites have reported percolation thresholds, electrical or rheological, higher than theoretical values [54] [55] [56] [57] . The use of melt mixing and even solution mixing of graphene sheets in different polymer matrices has resulted in a percolation threshold of 0.5 to 1 vol% of graphene [54] [55] [56] [57] . An exceptionally low percolation threshold of epoxy-fGO composite, which is competitive with solution processed polymer-graphene, is an evidence for success of this method in dispersion of graphenic sheets [11] .
Tensile properties
Mechanical properties of composites containing fGO were also studied in order to evaluate the effect of functionalization on the final composites. Figure 11 shows typical stress-strain curves from three points bending test. Flexural modulus of epoxy increased monotonically by addition of fGO and increased from 2800±25 MPa (neat resin) to 3670±60 MPa for composites containing 0.4 vol% fGO. In addition, ultimate flexural stresses increased by addition of graphenic nanosheets reaching up to 170 MPa after addition of 0.4 vol% fGO while strain to break shows marginal decrease at all fGO content. These notable enhancements in the mechanical properties of the epoxy-fGO composites can be attributed to strong bonding of nanosheets and matrix arising from covalent bonding between them and also fine dispersion of graphene layers through the matrix. However, compared with the neat epoxy, one can find just about a 30 and 12% increase in Young's modulus and ultimate strength by addition of 0.4 vol% fGO, respectively. From composite science point of view, reinforcing a stiff matrix is more difficult rather than a soft polymer. As a result, comparing the relative enhancement of mechanical properties is not a fair way. Reasonable comparison can be performed through the calculating the reinforcing efficiency of reinforcing phase, i.e. graphene. One can estimate the mechanical properties of a composite material according rule of mixture as Equation (1) [58] :
where Y is mechanical property (modulus or strength) of composite, filler or matrix and $ is volume fraction (Equation 1). # is reinforcing efficiency factor and therefore 0 < # < 1. In fact, #·Y f can be considered as efficient mechanical property of filler which is sensed by matrix. This parameter represents the efficiency of filler as reinforcing phase and is a good measure of comparing the composite systems having similar filler. At low filler content (Equation (2)):
In our system, efficient modulus and strength of graphene therefore is about 217 and 7.5 GPa (at volume fraction of 0.4 vol%), respectively (Equation (2)). Figure 12a shows comparison of this Figure 11 . Typical flexural strength versus strain curves for neat resin and composites containing different fGO content parameter in different polymer-graphene systems prepared with various methods. The results obtained in this study are located at top fraction of those calculated from literature [12, 28, 29, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] , reflecting the superior performance of developed method to incorporate graphene in thermoset matrix. Apart from effective stiffening of epoxy resin, no limitation in reinforcing of matrix was observed by increasing the graphene content except thickening of resin whereas degradation in use of nanofiller as stiffening phase at high loading is quite common. For epoxy-graphene nanocomposites, Rafiee et al. [27] found remarkable enhancement in tensile properties of epoxy after addition of less than 0.125 wt% functionalized graphene (50% in Young's modulus and ~45% in ultimate strength) whereas tensile properties dropped to even lower than baseline epoxy after addition of 0.5 wt% graphene. In their recent work on epoxy-graphene nanoribbon nanocomposites, similar degradation in the performance of graphene for reinforcing epoxy has been observed after the addition of just 0.3 wt% graphene nanoribbon [71] . In our case, no degradation is observed in the superior performance of graphene sheets for reinforcing polymer matrix which is based on strong interaction of filler and matrix and molecular level dispersion of fGO sheets through the epoxy matrix.
The Halpin-Tsai model is widely used to calculate the modulus of nanocomposites containing platelet or fibril like fillers [72] . For a randomly distributed platelet with modulus of E f in a matrix with modulus of E m , the modulus of a composite containing $ vol% of filler is estimated as Equation (3): (3) where % is the aspect ratio of platelet and & is given as Equation (4):
Considering the modulus of chemically derived graphene to be roughly 250 GPa [73] , and an average aspect ratio of 350 for fGO sheets, the theoretical modulus of composites can be calculated as a function of graphene content (Equations (3) and (4)). Figure 12b shows theoretical modulus of composites compared with the experimental data. The close agreement between theoretical predictions and experimental measurements further confirms that graphene is indeed dispersed as single layers with a strong bond to the resin which has resulted in perfect load transfer to graphene sheets. If the aspect ratio of fGO considered lower than one for GO (350) due to the short sonication (10 minutes) for homogenization, the theoritical prediction would be lower than experimental results which is usually attributed to the formation of a stiffened interphase [58] .
h Finally, it is worth noting that the above analysis shows that there is still large room for improving final mechanical properties and possibly other properties of nanocomposites by using graphene with larger aspect ratio and higher content. However, high viscosity of highly filled epoxy-graphene nanocomposites challenges the processing and application. Interfacial interaction of graphene and matrix can also be tuned by using amines with different molecular stiffness [28] . We believe this work paves the way for production of highly dispersed epoxygraphene nanocomposites using a general approach.
Conclusions
The application of a two phase reacting system for functionalization of graphene oxide is shown to result in a very ideal graphene epoxy composite. It is ideal in the sense that graphene sheets are well dispersed to single layers and have very good bonding with the epoxy. It is observed that good dispersion and bonding can be maintained up to 0.5 vol% (~1 wt%). Therefore, functionalization of GO using the two phase method has served three purposes that are all important in improvement of epoxygraphene composite; increasing the graphene content while maintaining good dispersion and furnishing good bonding between graphene and epoxy.
